Abstract. The effect of sulphur deficiency and sulphur fertilisation on the nitrogen compounds of plants was studied, using timothy as the test species. The The contents of soluble-, protein-, a-amino-, ammonium-and nitrate-nitrogen, as well as the free and peptide-and protein-bound amino acids were determined in the harvested timothy.
Introduction
In a series of experiments performed in northern Finland (PohjoisPohjanmaa and Kuusamo) by the Institute of Agricultural Chemistry and Physics, Agricultural Research Centre, two fields out of five showed much larger yields of timothy per hectare when sulphur was applied as well as nitrogen than when nitrogen was applied alone. Sulphur was applied as gypsum (17 % S) and nitrogen as compound fertiliser (N; P: K:S 12.0; 6.5 ; 14.9 ; 0). The average increase in the yield varied between 16 and 140 %. In these experiments the N/S ratio in timothy was much greater in plants which had suffered from sulphur deficiency and had been given nitrogen fertilisation than in plants which had obtained adequate sulphur (Tähtinen 1976 (Tähtinen , 1977 .
As the sulphur-containing amino acids are important protein amino acids, it seemed probable that in sulphur-deficient timothy the protein content would be low in spite of the high nitrogen content. In green-house experiments several investigators have observed that sulphur deficiency does not prevent the incorporation of inorganic nitrogen into organic compounds, but it does restrict the protein synthesis of the plant and thus causes an accumulation of nonprotein nitrogen (Mertz et al. 1952 , 1956 , Stewart and Porter 1969 , Aulakh et al. 1976 , Rendig et al. 1976 . Most of the studies have been performed with alfalfa, corn and wheat. Studies on hay plants have been fewer (Cowling et al. 1971 , Baker et al. 1973 , Bolton et al. 1976 , so that the timothy samples obtained from the above-mentioned field experiments provided interesting material for the study of the effect of sulphur deficiency and sulphur fertilisation on the nitrogen compounds of timothy in Finland.
Materials and methods
The material investigated derived from the hay trials reported in Table 1 . In trials 1 and 2, also samples from 1969 were analysed besides the ones mentioned in the table. The hay was harvested at the start of flowering. The fertilisation and growth conditions, yield, total nitrogen and total sulphur contents have been reported on earlier (Tähtinen 1977) .
The contents of soluble nitrogen, protein-, ammonium-, «-amino-and nitrate-nitrogen were determined in all the hay samples, and the contents Table 1 . Hay yields obtained from timothy stands in different trials (Tähtinen 1977 of free amino acids and the amino acids of the peptide and protein fractions in part of the samples.
The nitrogen determinations were performed by the Kjeldahl method with KMn0 4 according to Beet (1955) , and the sulphur determinations by the method of Bird and Fountain (1970) . For determining the soluble nitrogen, the dried sample was extracted for 3 min with 10 % trichloracetic acid using an MSE 150 PG 100 Ultrasonic Disintegrator. After this the mixture was filtered and washed with 10 % trichloracetic acid. The nitrogen in the filtrate obtained (= soluble nitrogen) was determinedaccording to Beet, and ammonium nitrogen using an ammonia electrode, model 95-10, Orion Research Inc. On some samples nitrate nitrogen was determined with a nitrate ion electrode, model 93 07, Orion Research Inc. a-amino nitrogen in the filtrate was determined according to Muting and Kaiser (1963) .
The free amino acid fraction was separated from the filtrate with Amberlite IR 120 cation exchange resin in H + form, and analysed quantitatively. The residue (= filtrate minus free amino acids) was hydrolysed (6N HCI, 20 h, 106°C, under nitrogen) and the liberated amino acids (= so-called peptide amino acids) were separated with Amberlite IR 120 resin and analysed quantitatively. The residue, that is the material insoluble in 10 % trichloracetic acid, was hydrolysed as before, the amino acids (= protein amino acids) were separated from the hydrolysate with Amberlite and were analysed quantitatively. The amino acid determinations were performed using a Bio Cal BC 201 amino acid analyser.
Amides were included in the free amino acid fractions; in the amino acid determinations asparagine and threonine, and in some cases also serine, overlapped. Therefore parallel runs on partly hydrolysed (1 N HCI, 4 h, 106°C) free amino acid fractions, in which asparagine had been converted to aspartic acid, were performed. The hydrolysis of the protein fraction caused the complete decomposition of tryptophan, and the partial decomposition of sulphurcontaining amino acids. However, the results are regarded as valid for the intercomparison of the samples.
Results
The proportions of protein-and non-protein-nitrogen in timothy at the different rates of fertilisation are presented in Table 2 ; mean values for the three years of each trial are given. The figures from trials 1 and 2, in which the sulphur fertilisation increased the hay yield, are given separately, and those from trials 3 and 4, in which sulphur did not have any effect on the yield, are combined.
When nitrogen fertilisation was used without sulphur, the total nitrogen content of timothy increased in all trials, but in spite of this the proportion of protein nitrogen of the total nitrogen in the plants in sulphur-deficient plots decreased. This was most obvious in trial 2, in which the effect of sulphur on the yield as well was highly significant ( The effect of N and N + S applied to sulphur-deficient and sulphursufficient soils on the free amino acids of timothy is presented in Table 3 . The free amino acids were determined on the samples from 1970 and 1971 of trial 2 and from the 1970 samples of trials 3 and 4. In plants which had grown on sulphur-deficient soil, the total amount of free amino acids was greater than in plants which had received sulphur. The difference is mainly due to asparagine and asparatic acid, the combined amount of which, in plants growing on sulphurdeficient soil (trial 2), was 17 g per kg dry matter with N-fertilisation alone and 6 g per kg with N + S fertilisation. The corresponding amounts from trials 3 and 4 averaged 1.8 and 2.3 g per kg. Of the total free amino acids, the proportion of asparagine plus aspartic acid in trial 2 with N-fertilisation was 60.6 % and with N + S fertilisation 47.3 %. In trials 3 and 4 the corresponding figures were 25.3 % and 28.8 %. Of the total nitrogen of timothy, the proportion of nitrogen in asparagine plus aspartic acid in trial 2 was about 17 % with N-fertilisation, 3.5 % with N + S fertilisation and in trials 3 and 4 on average 2.5 %, independent of fertilisation. The free amino acid composition was not related to the rate of application of fertiliser (48 N/34 S or 96 N/68 S), so that the results could be pooled (Table 3 ). The amounts of free cystine, methionine and glutathionine were small in all trials, with no clear differences between treatments.
Besides free amino acids, the soluble nitrogen fraction contains nitrateand ammonium-nitrogen, and other compounds such as peptides and nucleotides.
In sulphur deficiency, the nitrogen content of this »peptide» fraction rose with N-only fertilisation. When this fraction was hydrolysed, the total amount of the amino acids obtained was slightly greater in sulphur-deficient than in sulphur-fertilised plants; in both more than 50 % of the total amino acids was glutamic acid (Fig. 1) .
The proportion of soluble nitrogen of the total nitrogen of timothy was correlated (r = o.79***) to the N/S ratio (Fig. 2) . Also the proportion of asparagine plus aspartic acid of the total free amino acids was closely correlated (r = o.9l***) to the N/S ratio (Fig. 3) .
In the protein fraction, the amino acids of which were determined on the 1970 samples of trial 2, there appeared to be more aspartic acid in sulphurdeficient plants than in plants which had received sulphur (Fig. 1) .
Discussion
In each trial the total nitrogen content of timothy increased after N-fertilisation, being the highest in plants suffering from sulphur deficiency (Tähtinen 1977) . In spite of the high total nitrogen content the protein nitrogen content was lower with N-fertilisation alone than with N -(-S fertilisation. The increase caused by the nitrogen fertilisation was due to the increase in the soluble nitrogen in the plants. The increase was greatest in the amount of organic non-protein nitrogen, but also the amounts of ammonium-and nitratenitrogen increased. Thus the field experiments with timothy showed that also under these conditions sulphur deficiency restricted protein synthesis and caused an accumulation of organic non-protein nitrogen in plants. In greenhouse experiments, accumulation of non-protein nitrogen caused by sulphur deficiency has been found in alfalfa (Mertz et al. 1952 , Mertz and Matsumoto 1956 , Aulakh 1976 , corn (Rendig et al. 1976) , wheat and beans (Stewart and Porter 1969) . In our studies the proportion of free asparagine plus aspartic acid in timothy was 60 % of the total free amino acids with N-only fertilisation in sulphurdeficient areas, whereas in trials 3 and 4, in which sulphur fertilisation did not increase the yield, the proportion averaged only 27 %. In sulphur deficiency both arginine and asparagine increase in alfalfa (Mertz 1952) , asparagine in leguminous plants, glutamine and arginine in tomatoes, asparagine and glutamine in barley, and arginine in white clover and flax (Coleman 1957) , arginine and glutamic and aspartic acids in orchard grass (Adams and Sheard 1966) and asparagine in perennial ryegrass (Bolton et al. 1976) .
In timothy at all rates of N and S fertilisation there was a large amount of free proline. It had been observed earlier at the Biochemical Research Institute that large amounts of free proline are present in timothy (unpublished data). This is probably the result of the hay having been harvested at the flowering stage: it is known that pollen contains large amounts of free proline.
With sulphur fertilisation the total nitrogen content of timothy decreased. This is probably a dilution effect arising from the increase in the yield after application of sulphur (Tähtinen 1977) . In contrast, sulphur caused an increase in the protein nitrogen content, and the non-protein nitrogen content decreased, in the trials (1 and 2) in which the yield did not improve after sulphur fertilisation. Baker et al. (1973) have observed in their field experiments with orchard grass that non-protein nitrogen and nitrate-nitrogen decreased as a result of sulphur fertilisation. In the present study, the proportions of asparagine and asparatic acid of the total amounts of free amino acids also decreased under the effect of sulphur. In spite of this, with sulphur fertilisation, the amounts and proportions of the soluble nitrogen and a-amino nitrogen, as well as the amounts of free aspartic acid and asparagine, were higher in trial 2 than in trials 3 and 4. Whether this is due to a slight sulphur deficiency in relation to nitrogen is difficult to say. The differences were the most obvious in 1970, when the total nitrogen contents in trial 2 were exceptionally high. In Tahtinen's (1977) study, the increase in yield caused by sulphur appeared to be related more to the N/S ratio than to the sulphur content of the timothy crop. In the present study, the N/S ratio appeared to be a good measure for the quality of nitrogen compounds in the timothy, too. The proportion of soluble nitrogen of the total nitrogen of timothy, and also the proportion of free asparagine and aspartic acid of the total free amino acids, was directly proportional to the N/S ratio. According to Rendig et al. (1976) the N/S ratio in young maize is directly proportional to the amide nitrogen, and a high amide nitrogen content is associated with a low content of reducing sugars.
